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PIEZOELECTRIC MICROACTUATORS WITH SUBSTANTIALLY FIXED 
AXIS OF ROTATION AND MAGNIFIED STROKE 

BACKGROUND 

[0001] The present invention relates to actuators that 
may be used to position a transducer or sensor relative to 
a media, for example in an information storage system such 
as a disk drive. 

[0002] Conventional disk drives have a rotary actuator 
that positions a pair of arms or load beams adjacent to 
each spinning disk of the drive, the arms each holding a 
smaller flexure and gimbal that are mechanically connected 
to the head. As a means for increasing the density at 
which bits are stored and accessed on a media surface, the 
spacing between adjacent recording tracks and the width of 
each track may in the future be reduced to a level not- 
accurately accessible with conventional actuators. As a 
result, a number of designs for dual actuators have been 
proposed, typically including a conventional rotary 
actuator and a microactuator disposed nearer to the head 
for smaller scale positioning. 

[0003] Although a number of such microactuator s have 
been proposed, room for improvement exists. 

SUMMARY 

[0004] In accordance with the present invention, an 
actuator is coupled between a head and tiexure, the 
actuator providing submicron positioning of the head while 
reducing undesirable vibrations of the flexure. The 
actuator includes a stator and a rotor, with a plurality of 
deformable elements coupled between the stator and the 
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rotor. In one aspect the rotor, stator and deformable 
elements are constructed so that the rotor has a 
substantially fixed axis of rotation relative to the 
stator, and the actuation of a transducer in the head is 
magnified. In another aspect the rotor is coupled to the 
head so that the axis of rotation is substantially aligned 
with the center of mass of the head and rotor, increasing 
t 4 the frequency at which the actuator can move the head and 

reducing vibrations in the flexure caused by actuation of 
the head. 



C3 
0 

ru 



BRIEF DESCRIPTION OF THE FIGURES 
[0005] FIG. 1 is an exploded perspective view of a first 



C P embodiment of an actuator in accordance with the present 

ty invention, along with a head and flexure coupled to the 

CO 

actuator. 

s 

M [0006] FIG. 2 is a perspective view of a second 

ru - 

lj, embodiment of an actuator that has a deformable beam that 

|j is spaced apart from a wall of a frame, the beam including 

M two stacks of alternating piezoelectric and electrically 

conductive layers . 

[0007] FIG. 3 is a perspective view of a third 
embodiment of an actuator that has a deformable beam that 
is spaced apart from a wall of a frame, the beam including 
two stacks of alternating piezoelectric and electrically 
conductive layers. 

[0008] FIG. 4 is a perspective view of a fo urth ^ 
embodiment of an actuator that has a deformable beam that 
is spaced apart from a wall of a frame, the beam including 
two stacks of alternating piezoelectric and electrically 
conductive layers. 
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[0009] FIG. 5 is a top view of a fif£ji_embodimerit of an 
actuator that has a deformable beam including two stacks of 
alternating piezoelectric and electrically conductive 
layers . 

[0010] FIG. 6 is a side view of the actuator of FIG. 5, 
showing that the beam is spaced apart from a wall of a 
frame . 

[0011] FIG. 7 is a perspective view of a sj r x€li~~" 
embodiment of an actuator that has a deformable beam that 
is spaced apart from a wall of a frame, the beam including 
two stacks of alternating piezoelectric and electrically 
£3 conductive layers. 

|jj [0012] FIG. 8 is a top view of a seventh embodiment of 

*C an actuator having a plurality of active elements that 

produce rotary motion of a moveable element. 
£~ [0013] FIG. 9 is a side view of the actuator of FIG. 8, 



ru 



showing electrical connections and a space between an 
active element and a wall of a frame. 



K [0014] FIG. 10 is a top view of an eighth embodiment of 

£3 " 

an actuator having a plurality of active elements that 

produce rotary motion of a moveable element . 

[0015] FIG. 11 is a side view of the actuator of FIG. 

10, showing electrical connections and a space between an 

active element and a wall of a frame. 

[0016] FIG. 12 is a perspective view of an initial phase 
in the formation of the actuator of FIG. 1 from a wafer of 
piezoelectric material. 

[0017] FIG. 13 is a perspective view of a phase in the 
formation of the actuator of FIG. 1 subsequent to the phase 
of FIG. 12. 
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[0018] FIG . 14 is a perspective view of a phase in the 
formation of the actuator of FIG. 1 subsequent to the phase 
of FIG. 13. 

[0019] FIG. 15 is a cross-sectional view of an initial 
phase in the formation of the actuator of FIG. 2, FIG. 3 or 
FIG. 4 from plural layers of piezoelectric material and 
patterned conductive layers . 

[0020] FIG. 16 is a top view of another actuator 
embodiment, in which a plurality of deformable elements are 
coupled between a rotor and a stator. 
La& [0021] FIG. 17 is an exploded perspective view the 

£3 actuator of FIG. 16 along with a head and a flexure, with a 



ffj center of mass of the head aligned with an axis of rotation 

% of the rotor. 



W [0022] FIG. 18 is a perspective view of the of the 

CO 

8 actuator of FIG. 16 and some component layers of that 

actuator, including a pair of conductive layers that 
M overlap each other only in the region of the deformable 



elements, where they are separated by a piezoelectric 
layer . 

[0023] FIG. 19 is a top view of another actuator 
embodiment, including a circular stator and fan shaped 
rotor . 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0024] FIG. 1 is an exploded perspective view of a first 
embodiment of an apparatus 2 0 for reading or writing 
information on a media, the media not shown in this figure. 
The apparatus 20 includes an actuator 22 that is coupled 
between a head 25 and a flexure 33. Such an apparatus is 
also shown in a U.S. Patent Application entitled "Enclosed 
Piezoelectric Microactuators Coupled Between Head And 
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Suspension," inventors Muhammad A. Hawwa and Edmund B. 
Fanslau, Jr., filed on even date herewith and incorporated 
by reference herein. 

[0025] The head 2 5 has a media- facing surface 28 and an 
electromagnetic transducer 30 disposed at a trailing end 23 
of the head adjacent to the media- facing surface- The 
transducer 3 0 may include magnetoresistive (MR) , inductive, 
electro-optical or other mechanisms that covert one form of 
electromagnetic energy to another, as well as combinations 
of such mechanisms or transducers. A back surface 2 6 of 
the head 25 faces a substantially opposite direction 
compared to the media- facing surface 28. 

[0026] The flexure 33 includes a pair of flexible arms 
35 and 3 6 and a tongue 38. The flexible arms 35 and 36 are 
connected to a stiffer positioning member such as a load 
beam, not shown in this figure. A protrusion from the load 
beam, not shown, may be disposed in contact with a back 
side of the tongue 38 to act as a fulcrum that, in 
combination with the flexure, forms a gimbal mechanism. 
[0027] The actuator 22 is disposed adjacent to the head 
25, and may be attached to the back surface 26 of the head 
with an optional plate 40. The actuator 22 includes a 
frame 42 surrounding a cavity with an opening disposed 
adjacent to the head 25. A single deformable beam 44 is 
disposed within the cavity and attached at both ends to the 
frame 42 . The deformable element or beam 44 in this 
embodiment includes active regions 45 and 46 and an 
inactive region 48 that is movable relative to the frame 
42 . The moveable inactive region 48 is coupled to the head 
25, either directly or via the plate 40, so that the head 
25 is movable relative to the frame 42. 
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[0028] The active regions 45 and 46 can expand or 
contract according to a piezoelectric effect or other known 
mechanisms in response to a signal such as an electric 
field, thereby positioning the head 25. A pair of 
conductive layers 41 and 43 have been formed on active 
region 45, and another pair of conductive layers 47 and 49 
have been formed on active region 46. Application of an 
electric field by conductive layers 41 and 43 across active 
region 45 can cause that region to expand or contract along 
a direction of the length of beam 44, while application of 
an electric field by conductive layers 47 and 49 across 
active region 46 can cause that region to expand or 
contract along a direction of the length of beam 44 . When 
one of the active regions 45 or 46 contracts in the 
lengthwise direction of the beam, and the other of the 
active regions 45 or 46 expands in the lengthwise 
direction, the moveable region 48 is shifted relative to 
the frame 42 in the lengthwise direction. 

[0029] The actuator 22 includes a wall 50 disposed on an 
opposite side of the frame 42 from the head 25, and the 
beam 44 is spaced apart from the wall 50. The wall 50 may 
be considered a part of the frame or a separate element, 
depending partially on the material forming the wall. The 
wall 50 is attached to the tongue 38 of the flexure 33, so 
that lateral positioning of the flexure by a conventional 
rotary actuator, not shown, translates into lateral 
positioning of the head 25. The wall 50 may be attached to 
the tongue 38 by a damping material, however, so that 
vibrations from movements of the actuator 22 are absorbed, 
reducing disturbances of the flexure 33 caused by the 
actuator 22. Alternatively, the wall 50 can be made of a 
material that absorbs vibrations, such as polyamide. Even 
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without damping material, the separation of the wall 50 
from the active regions 45 and 46 reduces mechanical noise 
and removes friction that would otherwise be transferred 
from those elements to the flexure 33, reducing deleterious 
vibration modes that would otherwise be created in the 
flexure by the actuator 22. 

[0030] In operation, the optional plate 40 or cap fits 
within the frame 42 opening, providing limited relative 
movement of the plate 40 compared to the frame. The cap 40 
blocks contaminants from entering the cavity that might 
otherwise degrade the performance of the actuator 22. The 



U cap 40 may be spaced a few microns from the frame 42 on the 

□ 

p sides of the frame to which the beam 44 is attached, 

fU allowing the head 2 5 to be moved laterally those few 

p microns from a central position by the actuator 22, while 

serving as a motion limitation device that protects the 



5 head in the event of a mechanical shock. The cap 40 also 

M 

fy provides a relatively large surface for attachment to the 

M 

ce 

□ attached directly to the moveable element 48 and fit within 



head 25. In another embodiment, the head 25 may be 



the opening of the frame, reducing the mass that is 
attached distal to the plane of the flexure 33. Reducing 
the mass that is attached out of the plane of the flexure 
33 reduces the change in angular momentum as the head 25 
accelerates and decelerates during seek and settle 
operations between various media tracks, thus reducing 
vibrations induced in the flexure and improving access 
time . 

[0031] FIG. 2 shows another actuator 122 that has a 
deformable beam 144 that is spaced apart from a wall 150 of 
a frame 142 . Deformable beam 144 includes active elements 
145 and 146, each of which has a stack of alternating 
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piezoelectric and electrically conductive layers, and an 

inactive area 148 disposed between the active areas 145 and 

146. Conductive layers 111 and 112 are alternately spaced 

through active region 145, with a piezoelectric layer 

disposed between each pair of adjacent layers 111 and 112. 

Conductive layers 111 and 112 are connected to conductive 

regions 131 and 133 , respectively, so that each of the 

layers 111 has a voltage equal to that of region 131, and 

each of the layers 112 has a voltage equal to that of 

region 133. Similarly, conductive layers 121 and 122 are 

alternately spaced through active region 14 6, with a 

M piezoelectric layer disposed between each pair of adjacent 

P layers 121 and 122. Conductive layers 121 and 122 are 

^ connected to conductive regions 134 and 135, respectively, 

£ so that each of the layers 121 has a voltage equal to that 

Lii 

of region 134, and each of the layers 122 has a voltage 

2 equal to that of region 135. 

M 

ry [0032] The piezoelectric layers disposed in region 145 

u 

jjg have been polled to expand along the length of beam 144 

£3 when the voltage of layers 111 is greater than that of 

layer 112, and to contract along the length of beam 144 
when the voltage of layers 111 is less than that of layer 
112, or vice-versa. Thus, applying different voltages to 
region 131 and to region 133 causes active region 145 to 
expand or contract toward or away from inactive region 148. 
Similarly, the piezoelectric layers disposed in region 146 
have been polled to expand along the length of beam 144 
when the voltage of layers 121 is greater than that of 
layer 122, and to contract along the length of beam 144 
when the voltage of layers 121 is less than that of layer 
122, or vice-versa. Thus, applying different voltages to 
region 134 and to region 13 5 causes active region 145 to 
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expand or contract toward or away from inactive region 148. 
By applying appropriate voltages to regions 13 1, 13 3, 134 
and 135, region 145 can be made to expand and region 146 
contract, or vice-versa, causing region 148 to shift 
relative to frame 142 . 

[0033] Stacking the piezoelectric materials in this 
fashion results in a larger electric field, for a given 
voltage difference, between closely spaced conductive 
layers such as layers 111 and 112 than the field between 
layers that are spaced further apart, such as layers 41 and 
43 of FIG. 1. The greater electric field in turn can 
[3 result in a greater deformation of active regions such as 



ru 



regions 145 and 146 in response to an applied voltage. 
[0034] FIG. 3 shows a similar actuator 222 that has a 
y deformable beam 244 that is spaced apart from a wall 2 50 of 

— a frame 242. Deformable beam 244 also includes active 



2 



H elements 245 and 246 that each have a stack of alternating 

|JJ piezoelectric and electrically conductive layers, and an 

W inactive area 248 disposed between the active areas 245 and 

£3 

p 246. Conductive layers 211 and 212 are alternately spaced 

through active region 245, with a piezoelectric layer 
disposed between each pair of adjacent layers 211 and 212. 
Conductive layers 211 and 212 are connected to conductive 
regions 231 and 233, respectively, so that each of the 
layers 211 has a voltage equal to that of region 231, and 
each of the layers 212 has a voltage equal to that of 
region 233. Similarly, conductive layers 221 and 222 are 
alternately spaced through active region 246, with a 
piezoelectric layer disposed between each pair of adjacent 
layers 221 and 222. Conductive layers 221 and 222 are 
connected to conductive regions 234 and 235, respectively, 
so that each of the layers 221 has a voltage equal to that 
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of region 234 , and each of the layers 222 has a voltage 
equal to that of region 23 5. 

[0035] Note that conductive layer 215 is connected to 
conductive region 235 as well as to conductive region 233. 
Because of this, layers 211, 215 and 222 are all at the 
same potential as regions 233 and 235, so applying a 
voltage to either region 233 or 235 controls half of the 
conductive layers in each of the active regions 245 and 
246. Similarly, conductive layer 216 is connected to 
conductive region 234 as well as to conductive region 231. 
Therefore, layers 212, 216 and 221 are all at the same 
potential as regions 231 and 234, so applying a voltage to 
either region 231 or 234 controls the other half of the 
conductive layers in each of the active regions 245 and 
246. Because only two electrical connections are needed to 
operate actuator 222, providing electrical leads and 
connections to the actuator is simplified. 
[0036] FIG . 4 shows an actuator 272 similar to that 
shown in FIG. 3, and so like parts are numbered the same. 
In the embodiment shown in FIG. 4, however, deformable beam 
272 ifi removed from the wall 250 but is flush with a top of 
"the Erame 242, with a plate 278 that projects above the 
frame 242. This allows the beam 272 to contain additional 
piezoelectric and conductive layers. Also note that while 
common conductive layer 215 electrically connects layers 
212 and 221, such a common layer does not exist between 
layers 211 and 222. Instead, plate 278 is electrically 
conductive and connects layers 211 and 222. 
[0037] FIG. 5 is a top view of another actuator 300. 
Like the previously described embodiments, the actuator 300 
has a deformable beam 303 that is attached to a frame 305 
that surrounds the beam. Deformable beam 303 includes 
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active elements 311 and 313 that each have a stack of 
alternating piezoelectric and electrically conductive 
layers, and an inactive moveable element 315 disposed 
between the active elements 311 and 313. Conductive layers 
321 and 322 are alternately spaced through active region 
311, with a piezoelectric layer disposed between each pair 
of adjacent layers 321 and 322. The motion of moveable 
element 315 in response to actuation of active elements 311 
and 313 is illustrated with arrow 318. 

[0038] Conductive layers 321 and 322 are connected to 
conductive regions 342 and 340, respectively, so that each 
of the layers 321 has a voltage equal to that of region 
342, and each of the layers 322 has a voltage equal to that 
of region 340. Conductive regions 342 and 340 extend 
thorough frame 305 to provide electrical connections to the 
active element 311. Similarly, conductive layers 331 and 
332 are alternately spaced through active region 313, with 
a piezoelectric layer disposed between each pair of 
adjacent layers 331 and 332. Conductive layers 331 and 332 
are connected to conductive regions 343 and 344, 
respectively, so that each of the layers 331 has a voltage 
equal to that of region 344, and each of the layers 332 has 
a voltage equal to that of region 343. As shown in FIG. 6, 
a wall 350 that is attached to the frame 305, but separated 
from deformable beam 303. 

[0039] Deformable beam 303 may be formed by combining 
two separate parts along bond interface 348, with the beam 
303 then poled and sliced or otherwise formed into rows. 
The rows are masked along a central area covering moveable 
element 315 and ends that will form an outer surface of 
frame 305 are also covered while the rows are dipped in a 
conductive material to form conductive regions 340, 342, 
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343 and 344. The rows are then diced into die including 
beam 303, which is then attached to frame 305 by epoxy, for 
example, at end portions of conductive regions 340, 342, 
343 and 344. Alternatively, beam 303 may be formed by 
layering piezoelectric materials such as PZT and deposited 
conductive patterns on both sides of a substrate, with the 
PZT layers then poled and sliced or otherwise formed into 
rows, which are coated as described above to form 
conductive regions 340, 342, 343 and 344, diced into single 
beams and attached to frame 305. As shown in FIG. 6, 
conductive regions 343 and 344 extend through frame 305 to 
}j provide electrical connections to the active element 313. 

[0040] FIG. 7 shows an actuator 352 that, like the 
fU embodiment shown in FIG. 5 and FIG. 6, has piezoelectric 

J layers that expand and contract in a direction 

W substantially aligned with electric field lines between 



CO 



adjacent electrodes. Similar to all other embodiments 
previously described, actuator 352 has a single deformable 



ru 

beam 354 that is attached to a frame 355, with a wall 360 

CO 

q attached to frame 355 but spaced apart from beam 354. The 

^ beam 354 includes a moveable element 363 sandwiched between 

two active elements 365 and 366. 

[0041] A bottom conductive region 374 adjoins active 
element 366 adjacent to wall 350 and a top conductive 
region 375 adjoins the active element distal to wall 350. 
Top conductive region 375 does not contact frame 355 but is 
connected to a conductive cap 377. A set of alternate 
conductive layers 371 extend to connect with the bottom 
conductive region 374, while the other interspersed 
conductive layers 37 3 extend to connect with the top 
conductive region 375. An end layer of conductive layers 
371 extends to connect with a conductive region 380 of the 
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frame 355. Between the overlapping conductive layers 371 
and 373 are layers of piezoelectric material such as PZT 
that have been polled to expand or contract in unison upon 
application of different voltages to conductive layers 371 
and 373. 

[0042] Active element 365 is similar to active element 
366 but more difficult to see in this perspective view. An 
end layer of a set of conductive layers 385 is connected to 
a bottom conductive region of element 365 and extends to 
connect with a conductive region 388 of the frame 355. 
Alternate conductive layers 383 of active element 3 65 
connect with a top conductive region 390 that is connected 
P with cap 377. Cap 377 may be connected to a slider 

fy directly or with another conductive cap, and connected to 

% ground voltage, whereas conductive regions 380 and 388 are 

W connected to a voltage that can swing between positive and 

negative to control the position of the slider. Beam 3 54 
fjj may be formed by layering piezoelectric materials such as 

\a PZT and deposited conductive patterns on both sides of a 

jj^ PZT substrate, with the PZT layers then poled and sliced or 

M otherwise formed into rows, which are coated as described 



above to form conductive regions 374, 375 and 390. The 
rows are then diced into single beams and attached to frame 
355 by conductive epoxy. 

[0043] FIG. 8 is a top view of another actuator 400, in 
which a plurality of active elements 401, 402, 403 and 404 
are coupled between a moveable element 408 and a stationary 
element 410. Active elements 401, 402, 403 and 414 can 
expand or contract as shown by arrows 411, 412, 413 and 
414, producing a rotational motion in moveable element or 
rotor 408 compared to a stationary element or stator 410, 
as shown by arrows 416 and 418. Depending upon the 
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distance between the attached transducer, not shown in this 
figure, and an axis of rotation 420 of the rotor 408, the 
linear movement of the transducer can be magnified or 
reduced compared to the linear movement of each active 
element 401, 402, 403 and 404. Moveable element 408 thus 
can serve as a lever arm for the active elements 401, 402, 
403 and 414. 

[0044] As more easily seen in FIG. 9, which is a side 
view of actuator 400, a wall 422 is attached to the frame 
or stator 410 but removed from the active elements such as 
active element 403. The wall 422 is in operation attached 
to a suspension member such as a tongue, and the wall 422 
may include or be attached to the suspension member with a 
damping material to reduce the transfer of vibrations 
between the active elements and the suspension. The 
relatively large surface area of the wall 422 is helpful in 
this regard, as is the isolation of the active elements 
401, 402, 403 and 404 from the wall 422. 
[0045] Active element 403 includes a stack of 
alternating piezoelectric and electrically conductive 
layers. That is, conductive layers 431 and 432 are 
alternately spaced through active element 403, with a 
piezoelectric layer disposed between each pair of adjacent 
layers 431 and 432. Conductive layers 431 and 432 are 
connected to conductive regions 434 and 436, respectively, 
so that each of the layers 431 has a voltage equal to that 
of region 434, and each of the layers 432 has a voltage 
equal to that of region 436. As mentioned above with 
regard to other embodiments, a cap can be attached to 
moveable element 408, with a back side of a slider attached 
to the cap, or the slider can be directly attached to the 
moveable element 408. 
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[0046] FIG. 10 is a top view of another actuator 500, in 
which a plurality of active elements 501 and 503 are 
coupled between a moveable element 505 and a stationary 
element 510. Caps 507 and 508 are attached to moveable 
element 505. Active elements 501 and 503 can expand or 
contract as shown by arrows 511 and 513 , producing a 
rotational motion in moveable element 505 and caps 507 and 
508 compared to a stationary element or stator 410, as 
shown by arrows 516 and 518. Depending upon the distance 
between the attached transducer, not shown in this figure, 
and an axis of rotation 520 of the moveable element or 
rotor 505, the linear movement of the transducer can be 
py magnified or reduced compared to the linear movement of 

=P each active element 501 and 503. Caps 507 and 508 thus can 



U 
CO 



serve as a lever arm for the active elements 501 and 503. 
[0047] As more easily seen in FIG. 11, which is a side 



!== view of actuator 500, a wall 522 is attached to the frame 

ru 



or stator 510 but removed from the active elements such as 
CO active element 503. The wall 522 is in operation attached 

to a suspension member such as a tongue, not shown in this 
figure, and the wall 522 may include or be attached to the 
suspension member with a damping material to reduce the 
transfer of vibrations between the active elements and the 
suspension. The relatively large surface area of the wall 
522 is helpful in this regard, as is the isolation of the 
active elements 501 and 503 from the wall 522. 
[0048] Active element 503 includes a stack of 
alternating piezoelectric and electrically conductive 
layers. That is, conductive layers 531 and 532 are 
alternately spaced through active element 503, with a 
piezoelectric layer disposed between each pair of adjacent 
layers 531 and 532. Conductive layers 531 and 532 are 
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connected to conductive regions 534 and 53 6, respectively, 
so that each of the layers 531 has a voltage equal to that 
of region 534 , and each of the layers 532 has a voltage 
equal to that of region 536. Caps 507 and 508 extend above 
the frame 510 to attach with a back side of a slider, not 
shown in this figure, or the slider can be directly 
attached to the moveable element 505. 

[0049] The actuators shown in FIG. 1 through FIG. 11 can 
be made by assembling and connecting discrete parts, each 
of which has been selected for favorable performance of its 
specific task. For example, frame 42, cap 40 and moveable 
element 48 of actuator 22 shown in FIG. 1 can be made of 
ceramic, molded plastic or other nonconductive materials, 
while active regions 45 and 46 can be made of PZT or other 
piezoelectric materials that have been polled to change 
their dimensions as desired upon application of an electric 
field at conductors 41, 43, 47 and 49. 

[0050] Alternatively, as shown beginning with FIG. 12, 
actuator 22 can be made by bulk micromachining a wafer of 
piezoelectric material such as PZT. In FIG. 12, a part 600 
of such a wafer is illustrated that focuses on creation of 
a single actuator, while many other actuators may be 
simultaneously created from the same wafer. The wafer has 
been etched for example with ion beam etching (IBE) , 
reactive ion etching (RIE) , laser scribing or sand blasting 
to create a first recessed area 603 that will become the 
spacing between the beam 44 and wall 50 shown in FIG. 1. 
Electrically conductive material has been deposited in 
areas 43 and 49, which will be used to control the 
expansion and contraction of active regions 45 and 46, 
respectively. Additional electrically conductive strips 
606 and 608 have been deposited to provide temporary 
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electrical connections to leads 43 and 49, and to similar 
leads in a pair of adjacent actuator rows on the wafer. 
[0051] FIG . 13 focuses on the same part 600 of the wafer 
after the wafer has been inverted to work an opposite 
surface. A second recessed area has been created, for 
example with IBE, RIE, laser scribing or sand blasting 
while other portions of the wafer were masked, the second 
recessed area forming a surface of inactive area 48 . Third 
and fourth recessed areas have been similarly created and 
then coated with a conductive material to form conductive 
layers 41 and 47 . Additional electrically conductive 
lj, strips 610 and 611 have been deposited to provide temporary 

electrical connections to leads 43 and 49 and to similar 



fU leads in a pair of adjacent actuator rows of the wafer, 

p [0052] After the creation of opposing electrodes 41 and 

W 43 and opposing electrodes 47 and 49, the active regions 45 

5 and 46 can be created by supplying voltage to the 

Jy conductive layers 41, 43, 47 and 49 via strips 606, 608, 

M 610 and 611 while annealing the wafer at a high temperature 

cs 

q (700°C to 1100°C) . 

M [0053] FIG. 14 shows the wafer part 600 after highly 

directional etching such as IBE, RIE, laser scribing or 
sand blasting has been performed that cuts through the 
wafer to define beam 44. An edge 618 of frame 42 can be 
defined by sawing. Alternatively, edge 618 can be defined 
by the same etching procedure that defines beam 44. 
[0054] FIG. 15 is a cross-sectional view of an initial 
stage in the creation of an actuator having a stack of 
alternating conductive and piezoelectric materials, such as 
shown in FIG. 2, FIG. 3 and FIG. 4. Although not shown, 
thousands of additional actuators may be formed 
simultaneously during the same fabrication steps. On a 
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substrate 700, a first layer 702 of PZT or other ceramic 
material has been formed, by deposition or by laying out a 
layer of PZT tape. A release layer 704 has been formed, 
for example of silicon dioxide, that will later be removed 
by chemical etching. Alternatively, the wafer 700 may be 
formed of PZT so that first layer 702 is not necessary. 
[0055] A first layer 707 of electrically conductive 
material is deposited on the release layer 7 04 in a pattern 
defined by photolithography that includes a strip similar 
to strip 608 of FIG. 14, not shown in FIG. 15, the strip 
connected to other actuators being formed in the same row 
to provide a temporary electrical connection to all the 
actuators in that row. A piezoelectric layer 710 of PZT or 
other material is then formed on the release layer 7 04 and 
first electrically conductive layer 707. A second layer 
712 of electrically conductive material is deposited on the 
piezoelectric layer 710 in a pattern defined by 
photolithography that includes another strip connected to 
other actuators being formed in the same row to provide a 
temporary electrical connection to all the actuators in 
that row. The strip 7 07 connected to layer 707 and the 
strip connected to layer 712 preferably do not overlap in 
areas that will be part of a finished actuator, so for 
example one strip may be disposed in a space between 
actuator rows and the other strip may be disposed in the 
area of the inactive moveable element of each actuator in a 
row. Alternatively, both strips may be disposed in the 
space between actuator rows that is later removed. 
[0056] Additional piezoelectric layers 715, 720, 725, 
and 730 are similarly formed, along with additional 
electrically conductive layers 717, 722, 727 and 732. Each 
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of the even-numbered conductive layers has substantially 
the same pattern, and each of the odd-numbered conductive 
layers has substantially the same pattern. The wafer and 
adjoining layers are then annealed at a high temperature 
(700°C to 1100°C) while a first voltage is provided to 
even-numbered conductive layers and a different second 
voltage is provided to odd-numbered conductive layers. The 
piezoelectric layer areas in which adjacent even-numbered 
conductive layers overlap odd-numbered conductive layers, 
such as an overlapping portion of layers 707 and 712, are 
polled by this process so that, upon cooling, those areas 
respond by expanding or contracting when differing voltages 
are again applied to the different conductors. 
[0057] Recessed areas and apertures are then created as 
desired to form the actuators described above, for example 
with IBE, RIE, laser scribing or sand blasting, with 
conductive material such as silver or gold paste then 
applied as needed to provide electrical access to outside 
the actuator frames. 

[0058] FIG. 16 is a top view of another actuator 800, in 
which a plurality of deformable elements 801 and 803 are 
coupled between a first piece 805 and a second piece 810. 
First piece 805 may be termed a moveable element or rotor, 
and second piece 810 may be termed a frame, stationary 
element or stator. Active elements 801 and 803 can expand 
or contract as shown by arrows 811 and 813, producing a 
rotational motion about an axis of rotation 820 of the 
moveable element 805, compared to frame 810, as shown by 
arrows 816 and 818. 

[0059] Although there is no physical pivot such as a 
shaft disposed at the axis of rotation 820, the axis of 
rotation is held substantially fixed. This is particularly 
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difficult for the situation in which the actuation stroke 
is magnified, because the rotation is not geared down from 
larger movements of deformable elements, which tends to 
smooth out and reduce any movement of the axis as well as 
the amount of rotation. To have the axis of rotation held 
substantially fixed may also be particularly useful for 
this embodiment in which the actuation stroke is magnified, 
since any movement of the axis of rotation may also be 
magnified. 

[0060] The deformable elements 801 and 803 are symmetric 
with respect to the axis of rotation 820, and each have 
material disposed contiguously in a line between the frame 

M 

£3 810 and the axis of rotation, locking the axis in place. 



ru 



The actuation stroke is magnified as the length of each 



■P deformable element 801 and 803 is many times larger than 
-P 

y the distance between a lengthwise axis of each deformable 

" element 801 and 803 and the axis of rotation. Therefore, 

M the cumulative piezoelectric expansion or contraction along 

ru 

jj, the length of each deformable element 801 and 803 is 

W concentrated in rotating about the small distance of each 

C3 

deformable element 801 and 803 from the axis of rotation. 
Portions of the rotor that are further removed than the 
deformable elements from the axis of rotation move a 
greater linear distance for the same angular rotation. 
Extensions 807 and 808 of moveable element 805 extend 
substantially further from the axis of rotation 820 than a 
distance between the deformable elements 801 and 803 and 
the axis of rotation 820, magnifying the actuation movement 
at the extensions. As shown below, extensions 807 and 808 
may provide coupling between the moveable element 805 and a 
slider or head, not shown in this figure, with the 
actuation stroke magnified at a transducer of the head. 
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[0061] Hinges 825 and 828 have a reduced thickness 
compared to the remainder of deformable elements 811 and 
813, respectively, providing increased flexibility at 
points connecting the deformable elements 801 and 803 with 
the moveable element 805. The stroke is thus augmented by 
the hinges 82 5 and 828 , which provide flexibility that 
reduces constraints of the deformable elements 801 and 803 
and allows the expansion or contraction of the deformable 
elements to be transferred into rotation about the axis of 
rotation. Regions 833 and 835 that are disposed between 
frame 810, deformable elements 801 and 803, and moveable 
element 805, may be voids or may be filled with a soft 
polymer or other damping material . 

[0062] FIG. 17 is an exploded perspective view that 
illustrates the coupling of actuator 800 with a head 850 
and flexure 855. A center of mass 866 of the head 850 is 
aligned with the axis of rotation 82 0, increasing the 
frequency at which actuator 800 can move head 850 and 
decreasing deleterious vibrations in the flexure caused as 
reactions to actuation of the head. Also shown is a dimple 
860 of a load beam that acts as a fulcrum contacting the 
moveable element 805 along the axis of rotation 820, the 
remainder of the load beam being cut away in this figure in 
order to better display the dimple. 

[0063] H-shaped extensions 807 and 808 of moveable 
element 805 are attached to strips 862 and 864 that are in 
turn attached to head 850. The attachment between strips 
862 and 864, head 850, and extensions 807 and 808 may be 
made with an adhesive that damps vibrations. Stator or 
frame 810 may be similarly attached to flexure 855. 
Depending upon the particular electrode configuration for 
actuator 800, the adhesive that attaches the frame 810 to 
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the flexure 855 and/or the adhesive and strips 862 and 864 
that attach the moveable element 805 to the head 850 may be 
electrically conductive. 

[0064] In operation, when deformable elements 801 and 
803 are caused to either expand or contract in unison, as 
shown by arrows 811 and 813 , moveable element 805 rotates 
relative to frame 810 as shown by arrows 816 and 818. With 
moveable element 805 coupled to head 850, head 850 is 
caused to rotate as shown by arrows 870 and 872. This 
motion provides submicron accuracy in positioning a 
transducer 875. Actuation stroke is magnified in this 

embodiment with the distance between the deformable 

Q 

□ elements and the axis of rotation is less than the length 

Fif 

of the deformable elements, and the distance between the 
transducer and the axis of rotation is greater than the 
distance between said deformable elements and said axis of 
rotation. 

fU [0065] The axis of rotation 820 is aligned with the 

?q center of mass 866 of the head 850, reducing the moment of 



-P 
w 

m 

B 



inertia of the head and increasing the frequency at which 
actuator 800 can move the head. Moreover, aligning the 
axis of rotation 820 with the center of mass 866 of the 
head 850 reduces a torque that would otherwise drive 
several modes of vibration in the flexure caused by 
actuation of the head. For an embodiment in which the 
rotor 805 is not symmetrical about the axis of rotation, 
the center of mass of the combined rotor and head may 
instead be calculated. 

[0066] Aligning the dimple 860 with the axis of rotation 
820 allows the head 850 to pivot about a relatively fixed 
fulcrum as the actuator 800 moves the head to different 
positions relative to the flexure 855. Although the dimple 
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860 is depicted as pressing on the actuator 800 through a 
void in the flexure 855, such a dimple may instead press 
against a tongue or other layer of a flexure while aligned 
with the axis of rotation 820. In an alternative 
embodiment, not shown, the axis of rotation may be offset 
from the center of mass to increase the actuation stroke at 
the transducer. 

[0067] The position of the center of mass 866 of the 
head 850 can be determined by considering the contribution 
to the total mass of the head due to each point in the body 
of the head 850, as well as the location of each such 
point. For a head having a back surface 877 at Z=0, the X 
and Y coordinates of the center of mass [Xc M /Y CM ] can be 
determined by integrating over X and over Y the mass (dm x ) 
and (diriy) at each location of X and Y, respectively, and 
dividing by the total mass of the body 850. Thus Xc M = 

(J*Xdm x )/M, and Y CM = ( / Ydm y ) /M, where M is the total mass of 

the body 850. 

[0068] FIG. 18 illustrates one way of providing electric 
voltage for the actuator 800 so that the deformable 
elements 801 and 8 03 expand and contract due to 
piezoelectric electrostriction while the stationary 
elements such as stator 810 do not. A pair of electrical 
contacts 880 and 882 have been formed on corners of the 
actuator 800 by screen printing to allow electrical leads 
that may run along the flexure, not shown, to be connected 
to the actuator, for example by wire bonding. The actuator 
800 has been formed in a repeating sequence of electrically 
conductive and piezoelectric layers such as layers 884, 886 
and 888, which have been etched along with the rest of the 
actuator 800 into the patterns depicted. Layers 884 and 
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886 are made of electrically conductive material, such as 
gold or copper, and layer 886 is made of a piezoelectric 
material, such as PZT. 

[0069] Conductive layers 884 and 888 were each formed 
across more than half of the portion of the wafer that 
later will form the actuator 800, overlapping each other in 
the area of deformable elements 801 and 803, while the 
piezoelectric layer 886 was formed across all of the 
actuator area and separates layers 884 and 888. Conductive 
layer 884 and other similar conductive layers are connected 
to electrical contact 880, and conductive layer 888 and 
other similar conductive layers are connected to electrical 
contact 882. In the area of deformable elements 801 and 
803, conductive layers 884 and 888 overlap and are 



ru 

=P separated by piezoelectric layer 886. Thus, applying a 



different voltage to electrode 880 compared to electrode 
882 causes the layer 886 to expand or contract in the area 



fjj of deformable elements 801 and 803. Deformable elements 

M 

m 

B layers identical to layers 884, 886 and 888, with. 



801 and 803 may include plural or multiple sandwiches of 



additional piezoelectric layers separating the sandwiches, 
the additional piezoelectric layers being similar to layer 
886 but oppositely polled. 

[0070] FIG. 19 shows a top view of a circular actuator 
embodiment 900. A plurality of deformable elements 901, 
902 and 903 are coupled between a moveable element 905 and 
a frame 910, which may also be termed a stationary element 
or stator. Active elements 901, 902 and 903 can expand or 
contract as shown by arrows 911, 912 and 913, producing a 
rotational motion about an axis of rotation 919 of the 
moveable element 905 compared to the frame 910, as shown by 
arrows 916, 917 and 918. Hinges 926, 927 and 928 have a 
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reduced thickness compared to the remainder of deformable 
elements 911, 912 and 913, respectively, providing 
increased flexibility at regions connecting the deformable 
elements 911, 912 and 913 with the moveable element 905. A 
hole 929 in the moveable element 905 is aligned with the 
axis of rotation 919 , the hole 929 also providing increased 
flexibility for stresses created by deformations of the 
deformable elements 911, 912 and 913. Hinges 926, 927 and 
928 may be smaller for the situation in which the hole 92 9 
provides stress relief. 

[0071] Fan-shaped extensions 906, 907 and 908 of 
moveable element 905 extend substantially further from the 
axis of rotation 919 than a distance between the deformable 



O elements 901, 902 and 903 and the axis of rotation 919. 

=p Fan-shaped extensions 906, 907 and 908 may provide coupling 

between the moveable element 905 and a head, while frame 

® 910 is coupled to a flexure, the head and flexure not shown 

U in this figure. Regions 934, 935 and 936 that are disposed 

^ between the frame 910, deformable elements 901, 902 and 

IQ 903, and moveable element 905 may be voids or may be filled 



with a soft polymer or other damping material. 
[0072] Although we have focused on teaching the 
preferred embodiments of an improved microactuator , other 
embodiments and modifications of this invention will be 
apparent to persons of ordinary skill in the art in view of 
these teachings. For example, a central portion of such an 
actuator can be attached to a flexure and an outer portion 
attached to a head, with at least one deformable member 
coupled between the central portion and the outer portion. 
As another example, a flexure can be disposed generally 
between such an actuator and a head, with the actuator 
attached to the head through an opening in the flexure. An 
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advantage of this approach is that the center of mass of 
the combined head and actuator is more closely aligned with 
the rigid plane of the flexure, reducing torque and 
increasing speeds in accessing tracks. Therefore, this 
invention is limited only by the following claims, which 
include all such embodiments and modifications when viewed 
in conjunction with the above specification and 
accompanying drawings . 
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